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TECHr?ICAL NOTE 4231 

SKIN-FRICTION MIZASUREMDTS IN INcoMpREsSlBLE FLOW 

By Donald W. Smith and John H. Walker 

SUMMARY 

Experiments have been conducted to measure in incompressible flow 
the local surface-shear stress and the average skin-friction coefficient 
for a turbulent boundary layer on a smooth, flat plate having zero pres- 
sure gradient. The local surface-shear stress was measured by a floating- 
element skin-friction balance and also by a calibrated total head tube 
located on the surface of the test wall. The average skin-friction coef- 
ficient was obtained from boundary-layer velocity profiles. The boundary- 
layer profiles were also used to determine the location of the virtual 
origin of the turbulent boundary layer. Data were obtained for a range 
of Reynolds numbers from 1 million to about 45 million with an attendant 
change in Mach number from 0.11 to 0.32. 

The measured local skin-friction coefficients obtained with the 
floating-element balance agree well with those of Schultz-Grunow and 
Kempf for Reynolds numbers up to 45 tillion. The measured average skin- 
friction coefficients agree with those given by the Schoenherr curve in 
the ranges of Reynolds numbers from 1 to 3 million and 30 to 45 million. 
In the range of Reynolds numbers from 3 to 30 million the measured values 
are less than those predicted by the Schoenherr curve. 

The results show that the "universal skin-friction constants" proposed 
by Coles approach asymptotically a constant value at Reynolds numbers 
exceeding 21 million. Because of the scatter in the aforementioned con- 
stants and the limited Reynolds number range of the present investigation, 
there is some doubt as to the validity of any turbulent skin-friction law 
written on the basis of the present results. Hence, no new friction law 
is proposed. 

The frictional resistance of a flat plate was calculated by means of 
the momentum method and also the integrated measured local surface shear. 
For Reynolds numbers from 14 million to 45 million both methods give about 
the same result; whereas at lower values of Reynolds nuniher the momentum 
method based on velocity profiles uncorrected for the effects of turbulence 
results in a frictional resistance as much as 4 percent higher than that 
of the integrated shear. 

The measurement of local surface shear by a calibrated Preston tube 
appears to be accurate and inexpensive. The calibration as given by 
Preston must be modified slightly, however, to yield the results obtained 
from the floating-element skin-friction balance. 
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INTRODUCTION -- 1 

In recent years there has been a resurgence of interest in the problem y- 
of the turbulent boundary layer on a smooth flat plate having zero pressure 
gradient along its length or breadth. This interest falls into two cate- 
gories. First, it is necessary for the aeronautical designer to know the 
effect of Reynolds number variation on the average skin-friction coefficient 
for the accurate prediction of both drag and heat transfer.' Secondly, there 
has been considerable controversy in England among hydrodynamicists with 
regard to the variation of average skin-friction coefficient with changing 
Reynolds number (see refs. 1 through 4) and hence the ability to project 
ship-model test results to full-scale Reynolds numbers. 

Up to this time much work has been done in attempts to determine a 
so-called skin-friction law for incompressible fluids. Most of this work 
has been experimental in nature, leading to a law having empirically 
determined constants. 

It was intended in the present work to determine accurately the 
empirical constants required to write a skin-friction law by making use 
of the modern techniques now available for measuring local surface-shear 
stress and by use of extremely accurate manometers for measuring the local e 
velocity in the boundary layer. By the use of such techniques, it was 
hoped that a friction law could be determined with an accuracy of 32 per- 
cent particularly for large Reynolds numbers. The investigation also # 
included an evaluation of the accuracy of a method, proposed by Preston 
in reference 5, involving the use of a single surface tube to determine 
local surface-shear stress. - 

NOTATION 
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local skin-friction coefficient, 2 

average skin-friction coefficient, g 
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shape parameter, g 
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slope of wall law and 
similarity region 

velocity-defect law curves in the 

Machnumber 

local static pressure, lb/sq in. 

free-stream static pressure, lb/sq in. 

local total pressure, lb/sq in. 

free-stream total pressure, lb/sq in. 

free-stream dynsmic pressure, lb/sq in. 

vx Reynolds number, 7 

V8 Reynolds number, 7 

temperature, OF 

local velocity, ft/sec 

friction velocity, 
$ 

-f, ft/sec 

free-stream velocity, ft/sec 

weight flow of air ejected from boundary-layer trip, lb/set 

distance in the direction of flow from the virtual origin 
of the turbulent boundary layer, in. 

vertical distance from wall, in. 

spanwise distance across channel, measured from center line 
of channel, in. 

boundary-layer thickness, y at F = 0.990, in. 

boundary-layer 
in. 

displacement thickness, 

boundary-layer momentum thickness, CL56 -$)d($) in- 

absolute viscosity, lb sec/sq ft 

kinematic viscosity, sq ft/sec 

local density, lb sec2/ft4 
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free-stream density, lb sec2/ft4 

surface friction stress, lb/sq ft 

. 

yu" 4 when y = 1.0 or when log,, $ = 0 (See fig. l?(a).) 
U 

dl) 40) when = $J (See fig. 15(b).) 

EQUIPMFMT 

Model - 

The friction measurements were made on a flat plate which formed one 
wall of a channel mounted in the wind tunnel as shown in figure 1. The 
test wall was mounted between a pair of end plates to which was attached 
an adjustable auxiliary pl.ate approximately parallel to the test wall. 
The auxiliary plate could be adjusted to change the longitudinal pressure 
gradient in the channel. Preliminary measurements indicated that without 
the auxiliary plate the longitudinal pressure gradient along the test wall 
was not uniform. .- 

The test wall of the channel and the auxiliary wall opposite were 
identical in cross section. The nose was elliptical with a ratio of major 
axis to minor axis of 2.0. The trailing edge was sharp, having a circular- 
arc section tangent to the surface 3 inches forward of the trailing edge 
(fig. 2). The test wall was made of mild steel polished to a fine finish. 
Measurements with an interferometer indicated that, generally, the test 
wall had a surface finish of 20 to 40 microinches (peak to valley). There 
were a few streamwise scratches on the surface which were deeper than this 
but it is believed that they had little or noeffect on the flow. 

The other three walls of the channel were made of aluminum and had a 
finish about equal to that of the test wall. &Ll holes and joints were 
sealed to prevent the flow of air from the higher pressure stream of the 
tunnel into the channel at other than the front opening. 

A permanent boundary-layer trip was installed near the leading edge 
of the test wall (fig. 3). This trip was of the air ejection type used 
by Fage and Sargent (ref. 6). The trip will be discussed further in the 
section on test conditions. 

Wind Tunnel 

This experimental investigation.was done in the.Ames 12-foot pressure 
wind.tunnel. The-wind tunnel is of the variable-density type providing 
Reynolds.numbers up to 10 million per foot at a Mach number of about 0.30 3 
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and Reynolds numbers up to 1.7 million per foot at Mach numbers up to 
about 0.95. The turbulence level of the wind-tunnel air stream is very 
low. 

The reliability of skin-friction measurements is critically dependent 
upon the precision of the measuring apparatus. It, therefore, seems appro- 
priate to discuss in some detail the characteristics of the measuring 
apparatus, the degree of precision attained, and the procedure used in 
conducting the tests. 

Local Velocity Measurements 

The velocity profiles through the boundary layer were determined from 
measurements with a total-pressure tube and a static-pressure orifice In 
the plate, located at the same longitudinal station. The total-pressure 
tube was very carefully constructed with a flattened end which was 
0.007-inch high and 0.080-inch wide. The wall thickness was 0.002 inch. 
(See fig. 4.) The opening of the tube was perpendicular to the direction 
of the free stream and was free of burrs and imperfections. This tube 
was mounted on a screw device which allowed it to be moved perpendicular 
to the wall. This screw was calibrated and found to be capable of posi- 
tioning the tube to 0.001 inch. The zero position of the tube was 
determined by an electrical circuit which was energized when the total- 
head tube made contact with the plate. This method was quite successful 
and was found to be capable of consistently indicating the zero position 
to 0.001 inch. This accuracy was only possible if the wall and tube were 
kept scrupulously clean and free of all oxides, oil, and foreign matter. 

The quantities measured were the local total pressure in the boundary 
layer, the static pressure at the wall, and the vertical distance from the 
surface of the wall to the center line of the face of the total-pressure 
tube. It was assumed that the static pressure was constant through the 
boundary layer and that the total temperature in the boundary layer was 
equal to the total temperature in the tunnel settling chamber. Because 
of the small vertical dimension of the total-pressure tube, no correction 
was applied to the measured height of the tube above the test wall to 
account for the apparent displacement of the tube resulting from the total- 
pressure gradient through the boundary layer. No correction was applied 
to the velocity profiles for the effect of turbulence. 

, 

Y 

An additional probe was constructed for use in the determination of 
the location of boundary-layer transition. The longitudinal variation of 
the surface velocity near the leading edge of the plate was measured. 
This device was capable of traversing the plate in a str eamwise direction 
from 0.5 inch aft of the leading edge to about 3.25 inches sft of the 
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leading edge. The local total pressure was measured with a probe having 
the same dimensions as the one previously described (see fig. 4) and the 
static pressure was measured with a 0.035-inch-diameter static-pressure 
probe located 1.0 inch away from the surface of the plate and at the same 
longitudinal station as the total-pressure probe. Local velocities were 
computed from these measurements using the same assumptions as were made 
for the surveys through the boundary layer. 

Local Surface-Shear Measurement 

The local surface-shear stress was measured by two different 
techniques. The first of these made use of a floating-element device 
which measured the shear stress directly. The second technique made use 
of a calibrated total-pressure tube mounted on the surface of the wall 
as proposed by J. H. Preston. Preston made measurements with air flow 
in a pipe, whereas the present measurements with surface tubes were made 
to validate and determine the accuracy of the technique for air flow on 
a flat plate and to verify Preston's calibration of the tubes. 

. 

- 

Floating-element device.- The local surface-shear stress was measured 
by a floating-element-type device similar to that used by Dhawan (ref. 7) d 
and others. The floating-element technique was also used by Schultz-Grunow 
(ref. 8) and Kempf (ref. 9) in their historically important surface-shear -i 
measurements. Y 

Since little is known about the effect of change of the size of gap 
around the floating element on the measured surface shear, it was decided .. 
to construct a device whose element could be repositioned and centered in 
the gap. Both SchtLLtz-Grunow and Kempf used such a device while Dhawan 
and others used.a simple deflection-type -instrument. In the present unit 
the floating element was repositioned by a small, powerful electromagnet. 
The position of the element was indicated by a differential transformer 
capable of indicating movement of the floating element to an accuracy of 
a few millionths of an inch. When the position indicator showed that the 
floating element had started to move from its no-load neutral position, 
the strength of the electromagnet was varied until the element returned 
to its no-load neutral position. Since the electromagnetic force was 
equal and opposite to the drag force exerted on the element, the average 
surface-shear stress on the floating element could be deduced from the 
measured electromagnetic force and a predetermined calibration. 

The shear-stress measuring device was capable of indicating the drag 
force on the element with a sensitivity of about 0.02XL04 pounds for a 
range of force from 0 to about 3OXlO* pounds. The accuracy of determin- 
ing the load undertest conditions is believed to be within f2 percent of 
applied load throughout the load range encountered in the tests. Cali - 
brations -of the element displayed extremely good repeatability. The 
measured data were corrected for effects of change in temperature of the 
unit. 
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In figure 5 is presented a detailed drawing of the shear-stress 
measuring device. This device consisted of a &inch-tiameter plate 
which was mounted on very limber flexure pivots. The flexure pivots 
were, in turn, attached to a sturdy support frame which was mounted on 
the working wall of the boundary-layer channel. AS may be seen in fig- 
ure 5, the support frame and movable plate were mounted on the channel 
wall in an integral unit. The 2-inch-diameter movable plate was centered 
in a 2.010-inch-diameter hole in the support frame with its working BUT- 
face set flush with the working surface of the support frame. The surface 
of the floating-element unit was carefully alined flush with the surface 
of the channel wall using both dial and interferometric indicators. It 
was possible to position the element surface within about ti.00005 tich 
by means of the dial indicator. 

Tests were made to study the effects of small variations in flushness 
of the floating element with the surrounding fixed surface. Measurements 
of surface shear at identical test conditions were made for a range of 
positions of the floating element, both depressed below and protruding 
above the f'ixed surface of the plate. It wan found that the surface of 
the floating element could be depressed RS much as 0.0005 inch without 
any change in the surface shear. However, when the element protruded 
above the surface of the wall, there were noticeable deviations in the 
measured shear force. Consequently, the surface element was always main- 
tained flush with or slightly below the surface of the channel wall. 

. The entire floating-element unit was constructed of Invar in order 
to minimize the effect of temperature changes on the calibration of the 
unit. The faces of both the support frame and the floating plate were 
very carefully lapped to ensure both a fine surface finish and also flat 
surfaces having sharp edges on the inside and outside diameters of the 
units. Interferometric measurements indicated that the surface had a 
peak-to-valley roughness of about 10 to 20 microinches and a flatness of 
about 20 to 40 microinches. The floating-element unit was made into a 
pressure-tight capsule to prevent the flow of high-pressure air from the 
tunnel main flow into the higher speed flow of the boundary-layer channel. 
Damping of the floating element was achieved by using 20,000 centistoke 
oil in a cup machined integral with the back of the element. The cup 
was adjusted to have 0.005-inch clearance with the displacement indicator 
and electromagnet which are fixed to the support frame (see fig. 5). 

The static pressure in the gap between the floating element and the 
channel wall was measured by means of six static orifices in the gap 
(see fig. 5) and a buoyancy correction was applied to the surface-shear 
force measured on the element. This correction was always less than 
1 percent of the applied force on the element. 

0 
Surface-tube Shear-BtreSS device,- In 1953 a very simple technique 

for measuring surface-shear stress was proposed by J. H. Preston (see 
ref. 5). This technique made use of the total-pressure measured by a 
round total-head tube mounted flush with the surface (see fig. 6). The 
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pressure measured by the total-head tube in conjunction with the surface 
static pressure measured at the same location along the plate was cali- 
brated by Preston in terms of the local surface-shear stress. 

. 

Two total-head tubes having outside diameters of 0.0300 inch and 
0.1217 inch, respectively, were used in the present investigation. The 
tubes had a ratio of inside diameter to outside diameter of 0.6U0, the 
same proportions used by Preston. Care was taken to make the mouth of 
the tube perpendicular to the longitudinal axis of the tube. The equa- 
tions and assumptions used in the reduction of the measured data are 
given in reference 5. 

Sensitive Manometer 

In order to measure the velocities in the boundary layer and the 
pressures associated with the surface-tube shear-stress device with suf- 
ficient accuracy to give an over-all accuracy of results of 1 percent or 
better, it was necessary to devise a manometer capable of measuring very 
small pressure differences over a large range of pressure difference. 
Such a device was designed and built and was found to be capable of indi- 
cating a pressure difference of about 0.06 pound per square foot with an 
accuracy of kO.12 pound per square foot for pressure differences as large 
as 600 pounds per square foot. -. 

-e 
- 

. 
This manometer was of the U-tube type with a float in the low-pressure 

leg of the system. This float had a steel slug incorporated in it and a 
servo-operated follower mounted on a lead screw alongside the manometer 
leg to indicate the position of the slug in the leg of the manometer. 
The lead screw was calibrated in terms of the pressure difference applied 
across the two legs of the manometer. The glass tube6 used in this manom- 
eter were precision bored to have an inside diameter of 0.750 kO.001 inch. 
The fluid (tetrabromoethane) in the manometer was maintained at a fixed 
temperature of 1070 F s/2' F. 

- 

The bore of each manometer tube was coated with Dri Film, a General 
Electric silicone product, to reduce the effect of the meniscus of the 
fluid on the pressure readings. Calculations show that the capillary 
effect of the meniscus could result in a maximum error of about 0.2 pound 
per square foot in the pressure reading if the angle of contact between.. 
the manometer fluid and the glass tube varied from 0' to 90'. Because 
of the Dri Film coating it is felt that the error in measured pressure 
due to capillary forces has been reduced to a value considerably smaller 
than the accuracy of the indicating Sy6k.U of the manometer. 

- 

Due to the fact that this instrument had a large range of indication 
and extremely high sensitivity, the calibration of the instrument posed 
some difficulty. Since there was no instrument available to use as a 
standard, it was decided to determine the specific gravity of the fluid 
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. at the stabilized temperature (lop F) and use this a8 the calibration 
of the instrument in conjunction with an accurate calibration of the lead 
screw follower. 

TEST CONDITIONS 

The Reynolds mn6ber in the present tests varied from about 1 miLLion 
to 10 million per foot of channel length. This range of Reynolds nu&ers 
was obtained by varying the tunnel total pressure from 8 to 80 pounds per 
square inch absolute and the Mach number from 0.11 to 0.32. These values 
of Mach number are in the range where compressibility effects in the air 
flow are generally considered insignificant. 

Velocity Profiles 

The boundary-layer velocity profiles were measured 
2.312, 3.312, and 4.312 feet aft of the leading edge of 
The most forward measurement station (0.312 feet aft of 
not used since the velocity profiles were distorted and 
est. The longitudinal locations used provided Reynolds 
the distance from the leading edge from about 1 million 
million. 

at stations 1.312, 
the channelwall. 
leading edge) was 
were of no inter- 
numbers based on 
to about 43 

Surface-Shear Stress 

Local surface-shear stress was measured at stations 1.5, 2.5, 3.5, 
and 4.5 feet aft of the leading edge of the channel wall as is shown in 
figure 2. Again the most forward measuring station (0.5 feet aft of the 
leading edge) was not used because of the distorted velocity profiles. 
The Reynolds number based on the distance of these stations from the 
leading edge varied from about 1.5 million to 45 million. 

Longitudinal Pressure Gradient 

The longitudinal static-pressure gradient measured on the test surface 
.of the boundary-layer channel is presented in figure 7. At the leading 
edge of the channel there was a pressure peak which is not shown in the 
figure. Throughout the major portion of the channel, where measurements 
were made, the local static pressure varied less than about 0.5 percent 
of the velocity head from the reference static pressure at the longitudi- 
nal midpoint of the Uel. As may be seen in figure 7 there was little 
effect of .change in either Mach nu&er or tunnel total pressure on the 
pressure gradient,. 
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Boundary-Layer Trip 
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A boundary-layer trip was provided to assure a two-dimensional 
turbulent boundary layer near the leading edge of the working wall of 
the channel. An air-injection-type trip was chosen because.ft could be 
readily varied in strength to trip the boundary layer with the least 
amount of disturbance. The geometry of the trip is given in figure 3. 

The quantity of air to be ejected from the trip was determined using 
longitudinal velocity surveys which were made at the surface of the plate 
with a total-pressure and a static-pressure tube. Typical longitudinal 
velocity distributions at the plate surface for various amounts of 
ejected air are presented in figure 8. When no air was ejected from the 
trip, it appeared that some type of separation phenomenon was present. 
However, when air was ejected from the trip, this phenomenon disappeared 
and it seemed that the boundary layer became turbulent within about 
0.25 inch of the trip. It was not possible to keep the probe on the sur- 
face of the wall forward of the maximum-thickness point and therefore the 
data forward of this point do not represent surface measurements. 

For the Mach number and total-pressure condition presented in 
figure 8, the air quantity selected as that which assured a turbulent 
boundary layer with the least distortion was 0.0034 pound per second. A 
similar set of surveys was made for each test condition and the air quan- 
tities selected in this manner were utilized for their particular test 
conditions. 

Two-Dimensionality of Flow 

As was previously mentioned the walls of the channel were capable of 
being moved with respect to one another to provide for adjustment of the 
longitudinal static-pressure gradient. These walls were also adjusted so 
that the static pressure did not vary in the transverse direction. 

To check the two-dimensionality of the flow, boundary-layer velocity 
profiles were measured at three spanwise locations at the same longitudi- 
nal station. The spanwise locations chosen for the measurements were at 
the center line of the working wall of the channel and at 7 inches either 
side of the center line. These three profiles for several test conditions 
are presented in figure 9. Their similarity indicates a flow which closely 
approximates two-dimensional flow. 

physically, the turbulent boundary layer can not start with zero 
thickness and the virtual origin of the turbulent layer must therefore 

v 

c 

‘* 

V 
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be estimated. One simple method for making such an estimate was proposed 
by Rubesin, et al. (ref. lo), and this method has been used in the present 
report. 

The virtual origin of turbulence was estimated by plotting log 28 
versus log x (where x is the distance from the leading edge of the test 
surface) and'determining the magnitude of the change in x required to 
make the slope of the line equal to some reference value. 

The reference value of the slope, d(log 20)/d(log x), which was used 
was the mean value of the slopes computed for each of four logarithmic 
laws presented in reference 11. (The law by Schultz-Grunow was omitted.) 
The reference value of slope used for the estimation of the virtual origin 
varied from about 0.826 to 0.850 for a variation of Reynolds number per 
foot from about 1 million to 10 million. 

* 

It was found that for all conditions at which tests were made, the 
change in x was within ti inch and in many cases was within S/2 inch. 
On the basis of this analysis and due to the fact that the results scat- 
tered on both sides of zero, it was concluded that the leading edge of 
the working wall of the-channel coulabe used as the virtual origin of 
the turbulent boundary layer and the distance from the leading edge to 
the point of measurement could be used as the reference distance for 
Reynolds number. 

PRESENTATION AMI DISCUSSION OF RESULTIS 

The principal results of the investigation are presented in tables I, 
II, and III. Table I contains measured velocity profile data for all test 
conditions. Table II contains the measured values of local skin-friction 
coefficient as a function of Reynolds number. In table III is presented 
a summary of the major boundary-layer parameters obtained from the boundary- 
layer velocity profiles. 

There are presented in figure 10 some of the velocity profiles 
tabulated in table I. These profiles are typical of the profiles obtained 
for all test conditions. All of the measured velocity profiles have been 
mechanically integrated to obtain both the boundary-layer displacement 
thickness, S*, and momentum thickness, 8. The ratio of these two para- 
meters, known as the shape parameter, H, has been computed and tabulated 
in table III. These results are presented in figure ll as a function of 
the Reynolds number. As was expected the shape parameter decreased as 
the Reynolds number increased. There appears to be large scatter in the 
data but this is not surprising since it is very difficult to obtain 
accurate values for either 6* or 8. The line identified as table IV in 
this figure and in figures 12 and 13 will be discussed in a subsequent 
section. 

r 
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The variation of the average skin-friction coefficient with change 
in Reynolds number is presented in figure 12. The average skin friction, 
CF., was computed using the momentum thickness. obtained from integration 
of the velocity profiles (presented in table III) measured at several 
stations along the wall of the channel. The Schoenherr line obtained 
from reference llwill be d&cussed in a subsequent section. 

. 

" 

- 

There are presented in figure 13 the results of the measurement of 
the surface-shear stress. These results are tabulated in table II. The 
surface-shear stress was measured by the floating-element technique pre- 
viously described. 

Computation of Drag by Momentum Defect and by Integration 
of Local Skin Friction - 

The friction drag of a surface can be computed by two methods. The 
first of these methods involves computation, by mechanical integration 
of the boundary-layer profile, of the loss of momentum in the boundary 
layer which is directly convertible to the drag loss (data of fig. 12). 
The second method consists of integration of the local surface shear 
along the surface which is also directly convertible to the drag loss J 
(data of fig. 13). A difficulty is involved in the second method in that 
it is necessary to know the local skin friction right up to the origin of 
the turbulent boundary layer. To circumvent-this problem in the present i 
investigation the drag at a point 18 inches aft of the leading edge of 

-- the surface of the channel was assumed to be-that obtained by the momentum - 
defect method. The local skin friction was then integrated and added to _- 
the assumed value of drag which resulted in a total drag at a particular 
longitudinal position on the channel wall. There are presented in fig- 
ure 14 the results of these computations. The drag obtained by the 
momentm defect method is compared with thatgbtained by the integration 
of the local surface-shear stresses. Again it is pointed out that the 
drag at a point 18 inches aft of the leading edge is assumed to be the 
same for both methods. It is apparent that at the smaller values of 
Reynolds number there is a discrepancy between the drag obtained by the 
two methods. At a Reynolds number of about 6.5 million the drag obtained 
from the integrated surface shear is about 4 percent higher than.that 
obtained by the momentum defect, while at the highest Reynolds number of 
about 44 million the discrepancy between the two drags is reduced to 
almost zero. 

Method of-Data Analysis 

The aforementioned data will be.discussed further in conjunction 
with a method of boundary-layer analysis preflously used by Coles and 
others and'described in some detail in reference-12. It is not felt 
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that a detailed reiteration of the method is necessary here. The use 
of this method facilitates the analysis of the data of the present 
investigation in a systematic manner. 

The equations of reference I2 which are used in the present analysis 
are given below in the notation of this report. 

CFRX = 2C,e -k&),kfi 

CL= 1 
8 

1 c2 Cf -w 
Cl $ 2 

J The analysis depends on the evaluation of the parameters k, cp(l), 
$9 eJld c, which appear in the above equations. 

The first step in the analysis is to express the velocity profiles 
in terms of the **law of the wall" [u/u* = f(yu*/v)] and the "velocity 
defect law" [(V - u)/u* = f(yu*/Sq)]. Atypical profile interms of 
the "walllaw" is presented in figure 15(a) while the same profile in 
terms of the %el.ocity defect law" is presented in figure 15(b). As may 
be noted on these figures both curves have a linear region when plotted 
on a semilogaritbmic basis. From a comparison of the slopes of the linear 
portions of these curves it appears that they both have the same value. 
This portion of the curves is known in the literature as the region of 
overlap of the two laws or the region of similarity of the boundary layer. 
The existence of this region of similarity makes it possible to analyze 
the turbulent boundary layer quite readily. With the velocity profiles 
in this form the parameters k and cp(1) may be evaluated. The parameter 
k is the slope of the curves in the similarity region. The parameter 
~(1) is the sum of the value of g(O) obtained from the wall law as shown 
in figure 15(a) and the value of cp(l)-cp(O) obtained from the velocity 
defect law as shown in figure 15(b). The two parameters C, and C, are 
obtained from the velocity profile parameters as indicated by the defi- 
nition given in the Notation section. The values of the four parameters 
k, v(l), Cl, and C,Z may then'be inserted in the skin-friction equations 
given previously to calculate a frictional resistance law for a fully 
developed turbulent boundary layer which starts at some pint with zero 
thickness and grows as a fully developed turbulent boundary layer. 

The variation of the parameters k, q(O) and cp(l)-cp(O) with Reynolds 
number, Rs'(based on the boundary-layer momentum thickness), is shown in 
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figure 16, while the variation with Re of C, and C, is shown in 
figure 17. It is expected-that these turbulent boundary-layer parameters 
will become independent of Reynolds number if they are determined from 
measurements at large enough Reynolds numbers on an aerodynamically smooth 
plate in flow having zero pressure gradient,_ This appears to be the case 
in the present experiments for Reynolds numbers, Re, greater than about 
26 thousand or a Reynolds number, Rx, of about 21 million. The average 
value of the constants in the range of Reynolds number independence were 
used in conjunction with the skin-friction equations given previously to 
make calculations of a frictional resistance law. The values of the 
constants used in this calculation were: 

cp(lMO) = 3.00 
cpw = 7.15 

k = 5.00 
c, = 4.00 
G2 = 25.9 

The results of this calculation are presented in table IV. 

As a result of the scatter in the values of these parameters, which 
were obtained from the experimental data, and the limited Reynolds num- 
ber range attained in this investigation, there is some doubt as to the 
absolute values of the parameters listed above. Hence, a new frictional 
resistance law is not being proposed although the results of the calcu- 
lation have been tabulated and presented in this form to afford a basis 
of comparison between the measured data of the present investigation and 
those of previous investigations. 

d 
- 

a 
- 

Comparison of Computed Friction Law With Measured Data 

The results of the frictional resistance law calculation presented 
in table IV are also presented in figures ll, 12, and 13. As was pre- 
viously stated, constants applicable only in the range of Reynolds number 
above about 21 million were used in this calculation. 

Shape parameter.- As may be seen in figure 11, the computed values 
of the shape parameter, 6*/e, presented in table IV represent those com- 
puted from the measured velocity profiles only at the highest Reynolds 
numbers. This is not difficult to understand when it is realized that 
the computed value of the shape parameter is dependent principally on 
C, and C,, both of-which change markedly below Reynolds numbers of about 
21 million from the asymptotic value used in the computation (see fig. 17). 

Average and local skin-friction coefficient.- It appears in figures 12 
and 13 that the computed values of both the average skin-friction coef- 
ficient and the local skin-friction coefficient represent the measured 
values quite well for Reynolds numbers as low as about five or six mil- 
lion. The scatter in the data presented for-both the average and local 
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skin-friction coefficients is represented generally by a change of skin 
friction of about fl percent, and this is also about the variation of the 
measured from the computed skin-friction coefficient at higher Reynolds 
numbers. 

Law of the wall and velocity-defect law.- In figures 18 and 19 it is 
shown that the wall law and velocity-defect law derived using the value 
of the constants in the range of Reynolds number independence do not 
represent the measured data except at the higher values of Reynolds num- 
ber. Here again this is easily understood after inspection of the 
variation with Reynolds number, shown in figure 16, of the parameters 
used in both laws. . 

Comparison of Measured Data and Computed Friction 
Law With Measured Data of Other Investigations 

Local skin-friction coefficients.- There are presented in figure 20 
the local skin-friction coefficients measured by Schultz-Grunow (ref. 8) 
in an air channel and by Kempf (ref. 9) on a pontoon in water. In the 
region of Reynolds number where the two sets of data overlap, Kempf's 
data appear to be somewhat higher than those of Schultz-Grunow. In this 
region of overlay, Schultz-Grunow's data agree quite well with the skin- 
friction balance results. Comparison of the measured local skin-friction- 
coefficient data of the present investigation with those of both 
Schultz-Grunow and Kempf indicates remarkable agreement in the Reynolds 
number range of the investigation when it is considered that the data 
came from three grossly different pieces of equipment. Here, as in fig- 
ure 13, there is a tendency for the measured data to be higher than the 
computed friction law (table IV) for Reynolds numbers smaller than about 
4 or 5 million. However, the computed friction law does match the meas- 
ured data quite well for a range of Reynolds numbers from 4 or 5 million 
to about 60 million, For Reynolds numbers above 60 million Kempf's data 
appear to fall below the line representing the computed law. 

Average skin-friction coefficient.- A comparison of the measured 
average skin-friction coefficients of the present investigation with the 
Schoenherr line (ref. 11) is presented in figure l-2. The Schoenherr line 
gives larger values of skin friction than were measured in the present 
investigation for Reynolds numbers from 3 to 30 million, but became equal 
to the measured values at Reynolds number from 1 to 3 million and from 
30 to 45 million. The measured data are best represented by the Schoenherr 
line in the range of Reynolds numbers from 1 to 3 million and by the com- 
puted law (table IV) in the range of Reynolds numbers from 5 to 45 million. 

. 
Figure 21 is a reproduction of a figure presented in reference ll 

with the exception that the computed friction law of the present investi- 
gation is also presented for comparison. The friction law as computed 
from the data of the present investigation gives values of skin-friction 
coefficient as much as 8 percent lower than the Schoenherr line at a 
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Reynolds number of 1 million and as much as 6 percent higher at a Reynolds 
number of lxlOs. Similar to previous comparisons~between the.computed 
curve and the measured data, the measured data are somewhat higher in 
the low Reynolds number range. In the range of Reynolds number from -. 
5 million to 100 million the computed law seems to represent the data 
quite well. Beyond a Reynolds number of 100 million there is only one 
set of data available to compare with the computed values and they lie 
below the computed line for all higher values of Reynolds number. 

A Simple Method for Determining Local Surface-Shear 
Stress in a Turbulent Boundary Layer 

There are presented in figure 22 the results of measurements of 
local skin-friction coefficient using a calibrated total-head tube as 
proposed.by J. H. Preston in 1953 and previously described in the section 
on experimental methods. On the same figure is presented a line repre- 
senting the faired value of.the data measured with the floating-element 
device as presented previously in fQure 13. In general, the Preston ~ 
tube device indicates a smaller skin friction than the floating-element 
device. However, the results of both methods can be made to agree quite 
well if the calibration presented by Preston in reference 5 is modified 
slightly. 

From the work of Preston it has been shown that the calibration 
of the tubes is valid only if the value of the expression log,, (Pt - p)d2 

4pv2 
is greater than about 5.0 but less than about 7.5. These limiting values 
also seem to be the limiting values obtained in the present investigation. 

When the value of the expression loglo 0% : P)d2 
4pv2 

falls outside of these 

limits the measured skin friction immediately varies away from the general 
trend of similar data measured at the same Reynolds number when the value 
of the logarithmic expression falls within the prescribed values. 

It appears that the Preston tube device can be quite useful in 
measuring the local surface-shear stress in a turbulent boundary layer 
where the longitudinal static-pressure gradient is zero. Not only does 
it appear to be accurate but it is extremely simple and inexpensive to 
construct. Also, the indicating equipment is simple and readily available 
to most investigators. 

For Reynolds numbers greater than 2.5 million the revised calibration 
suggested by the measured surface-shear stress data obtained on the 
floating-elementdevice is 

Twd2 log,, - = -1.366 + 0.877 lo@;',, (pt - p)d2 
4pv2 4pv2 

Y 
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1 as compared with Preston's calibration of reference 5, 

Twd2 
aho 4pv2 = -1.396 + 0.875 log, M 

4pv2 

For Reynolds numbers lower than 2.5 million use of the revised calibration 
results in values of surface shear which are lower than the measured data. 

CONCLUDING REW!RKS 

The measured local skin-friction coefficients obtained from the 
floating-element skin-friction balance agree well with the long accepted 
experimental data of Schultz-Grunow and Kempf in the range of Reynolds 
nunibers from about 1 million to about 45 million. 

The average skin-friction coefficients deduced from the measured 
velocity profiles are generally below the Schoenherr line except at the 
lowest values of Reynolds number. As the Reynolds number approached 
45 m5llion, the highest value attained in the present investigation, the 
measured average skin friction became equal to the value predicted by 
Schoenherr. However, the rate of change of the measured average skin- 
friction coefficient with increasing Reynolds number is smaller than that 
predicted by Schoenherr. 

The frictional drag experienced by a flat-plate surface has been 
computed by both the momentum-defect method and$he integration of the 
local surface shear. At values of Reynolds numb&? from 14 million to 
45 million the results of both methods are in good agreement but show a 
discrepancy of as much as 4 percent in the range of Reynolds numbers 
from 2 to 6 millIon. 

In the light of the data of the present investigation a new frictional 
resistance law for a smooth plate having zero pressure gradient may be 
written. However, there is some doubt as to the absolute values of the 
experimentally determined parameters which must be used in conjunction 
with the skin-friction equations to write a law. These parameters appear 
to approach asymptotically a constant value, as was anticipated. As a 
result of the scatter in the values of the parameters obtained from the 
experimental data and the limited Reynolds number range attained in the 
investigation, there seems to be some doubt as to the validity of a law 
written on the basis of these parameters. 
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The local skin friction determined from measurements utilizing a . - 
calibrated pitot tube mounted on the surface as proposed by J. H. Preston 
had a lower value than that measured by the floating-element skin-friction L 
balance. However, a small adjustment of Preston's calibration of the - 
pitot tube brought the two results into good agreement. The Preston pitot 
tube appears to be an inexpensive and accurate device for making local 
surface-shear-stress measurements. 

Ames Aeronautical Laboratory 
Natfonal Adtisory Committee for Aeronautics 

Moffett Field, Calif., Dec. 9, 1957 
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!PABIZ I.- MEASURED BOUNDARY-LAYER vELOCI!PY PROFTWS 
(a) x = 15.75 inches 
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TABLE I.- MEAS~ BOuKDMY-LAYER VELOCITY PROFILE3 - ContAmed 
(4 x = 15.75 inches - Concluded 
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TABS I.- MEASURE3 BOUNTARY-L4YER VELOCITY PFfOF'ILES - Continued 
b) x a 27.75 inches 
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!ilBm I.- MMSURED BOUNTNRY-LAYER VELOCITY PROFILES - Corttjllued 
0)) x = 27.75 inches - Concluded 



LCABU I.- MEASURED BOUNDAFlY-LRYER VELOCITY PROFILE3 - Continuea 
(cl x = 39.75 inches 
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TABLE I.-MEA8lJK3DBOlJMlARY-LAYERVELOCITY~O~ - Continued 
(c) x = 39.75 Inchee - Continued 



TABLE I.- MEAs= BOIJPXMRY-Mm VELOCITY PROFTLES - Continued 
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Ttiml?l I.- MEASURED BOUNDAFX-IdYER VELOCI'PY PROFILES - Continued 
(a) x = 51.75 inches 
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TABLE I.- MEASURED BOUNDAFX-LAYER VELOCITY PROFILE - Continued 
(4 X = 51.75 inches - Continued 
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!PABLE I.- MFASUFLEDBOWQ4RY-L4YEZVEZOCTTYPROFILES - Concluded 
(a) x = 51.75 inches - Concluded 
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TrYBIlE II.- M!3x3UREDLocALSKm-FRImIOIi cm1cm 
(a) x = 18.00 inches 
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TABIX II.- MEASURED LOCAL SKIti-mmION COEFFICm - Contlnued 
(b) x = 30.00 inches 
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!cABLE II.- MEASURJZII L!XAL SKIIT-FRICTIOW COEFFICIENT - Concluded 
(a) x = 54.00 inches 
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TABLE III.- SUMMARYOFMAJORPARAMETERS C[B~FR~MEAS~ 
BOUNDARY-LAYIZRPROFIIES 
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--t-l- 

.ob94 

.0886 :iSS 1% 

.oen l s 1.216 

.06a3 .611 1.266 

_.---_ 
.002bo 
.00246 
.OOZ42 

-2mr 
.W23b 
.cms4 

61.76 I .27S I 29.66 I 16.SS 1 4 
61.76 I -QS6 I 93.76 I 18.61 I d 

_ _ _ _ _ _. ~--- 61.?8 I .lPS I 80.49 j ~0.6s j .cet? 1 .0791 1 .886 I 1.272 I J 
61.76 I -224 I 76.26 I S2.64 1 .C%~ 1 . OS07 1 . ~ I 1276 . 1 . ' 

81.78 1 ;216 1 60;64 1 41.24 1 .0808 1 .Olll 1 .6619 j 1.212 
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Cf RX 

0.0015 7.314xlo8 
.0016 3.918 
.0017 2.279 
.0018 1.366 

.001g 

.0020 

.002l 

.0022 

:E 

8.513f107 

:-z$ 
2:481 
1.734 
1.239 

.0025 

.0026 
~027 
.0028 
.002g 
.0030 
.0031 
.0032 
-0033 

~m~fioe 

51020 
3.826 
2.955 
2.314 
1.830 
1.463 
1.182 

.0034 
00035 
.0036 
'0037 
.OO% 

:::lZ 
.oo41 
.0042 
.0043 
.0044 
.0045 

g.6mao' 
7.913 
6.535 

?;:: 
3:853 
3.273 
2.794 
2.401 
2.069 
1.795 
1.560 

CF Re 

).ool6g 616450. 
.OOl83 359220. 
.oolg3 ug36o. 
.00205 139670. 

.00216 9uOoa 

.oo22g 62700. 

.OO241 43852. 

.OO253 31412. 

.OO266 23023. 

.00278 lng6. 

.002go 13053. 

.oo303 10086. 
-owl5 7901. 
.0032-f 6265. 
.0034o 5028. 
-00353 4o83- 
-00365 3343. 
.00378 2766. 
l ~390 2308. 

.004o3 1941. 

.oo41& 1645. 

.0042g 1401. 

.004-42 1203. 
*oo455 10%. 
l oQ468 901.4 
.00481 787.2 
.004g4 689.5 
.oow6 607.4 
.005x, 537.5 

-00532 do546 z-z . 

8” 
8 

1.216 
1,224 
I.233 
1.241 

1.249 
1.257 
1.266 
1.274 
1.281 
1.289 

1.297 
1.305 
1.312 
1.320 
1.327 
1.334 
1.342 
I.350 
1.357 

1.364 
1*3'i? 
1.378 
1.386 
1.393 
1.401 
1.407 
1.415 
1.422 
1.429 
I.436 
1.443 
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. 

A-21103 

Figureml.- Boundary-layer channel in the test section of the Ames 12-foot 
pressure wind tunnel. 
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Figure 2.- Three-view drawing of bOundary-layer channel. P 
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Note: All dimensions shown in inches 

.02 Diam hole to within .OI of surface 

-008 Diam. orifice 

Section A-A 
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Figure 3.- Details of boundary-layer trip. 
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Note: All dimensions shown in inches 

Deiail A .O625 0.0. x .Olo Wall stainless- steel tube \ 

See detail A 

rp” 

25 Diom. 

I 

Figure 4.- Details of velocity probe and probe mounting mechanism. 
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.005 AL- 

Detail A 

~Support for displacement Indicator and electromagnet 

ver pressure seal 

Tube from gap pressure J’ 
meosuring orif ice 

d,ding lelarnen& _ b Detail A L”O” ring seal 

/ Damping fluid - Dow Corninq 200 Flufd 
Displacement indicator and 1 

electromagnet 
- 

20,000 chistokes 

Pressure orifice 

Figure 5.- Details of the floating-element skin-friction balance. 
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Tube I: d = .0180 
Tube 2: d= .0730 

Detail A 

Note: AII dimensions ore shown in inches. 

See detail A 
f 

.I25 Diom. tube 

v 6.00 Diem.-4 

Figure 6.- Details of the Preston surface-s&ear tubes. 
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Figure 7.- kmgLtudlnal pressure gradient in boundary-layer channel. 
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Figure 8.- ISffect of varying quantity of boundary-layer-trip elr on local velocity near 
w-au. 
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.4 .6 .7 .8 .9 I.0 

. Figure 9.- Effect of spanwise location in boundary-layer channel on 
velocity profile. 
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Figure lO.- Boundary-Layer velocity pmfLles. 
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b) pb = 80 paia, M = 0.l.l 

Figure lo.- Continued. 
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(c) pt, = 80 paia, M = 0.28 

Flgure 10. - Concludea. 
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Figure U. - Variation of shape parameter with change in Reynolds mm&er, Rx. 
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Figure l2.- Variation of average skin-frixtion coefficient tith change in Reynolds nuniber, %; 
boundary-layer velocity profile measurements. 
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Reynolds number, R, 

Figure 13.- Variation of local &in-fAction coef'flclent with change In Reynolds number, F$ 
floating-element technique. 
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0 Boundary- layer survey 
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Distance from leading edge, x , in. 

(a) R&O-‘= 2.19 to 6.56 

Figure lk.- Gomparisonofdrag computedbyboth themomentumdefectandintegrated surface-shear 
methods. 
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(b) RxtiO-e= 5.95 to 17.86 

Jtlgure 14.- Continued. 
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Figure lb. - Condluded. 
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(a) wall law. 

Figure 15.- Boundary-layer velocity profiles in terma of the "waU Isw" and the "velocity defect 
law.” 8 
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(b) velocity defect law, 

Figure 15. - Concluded. 
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Figure 1.6.- Variation of K, q(O), and ~$1) - p(O) with change In Reynolds number, Q. 
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(a) Pt = 15 psia, M = 0.22 

Flgure X3.- BounFiary-layer velocity proflles in terms of the "wall ISIT." 
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(b) pt, = 80 @.a, M = 0.11 

Figure l-8.- Continued. 
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Figure l8.- Concluded. 
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Figure lg.- Boundary-layer velocity proflles in terms of the "velocity-defect law." 
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Figure lg.- Continued. 
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Figure lg.- Concluded. 
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Flwe 20.- Compwison of previous existing &&a with the measured data and with the curve com- 
putea using the conskanta derived. from the present data. 
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Figure EL.- Comparison of preview existing data with computed friction law (table IV). 
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Figure 22.- Variation of local skin-friction coefficient with change in Reynolds nuniber, R, 
Preston tube teclxdque. 


